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This thesis deals with a feasibility study for the 

design of a Rock/Coal Dust Meter CRD meter) using an optical 

fiber probe, i.e., to investigate and develop a method to 

determine the safe percentage Cby weight) of Rock Dust CRD) 

in a mixture of Coal Dust and Rock Dust sample. The goal is 

to develop a model that will predict the results of 

laboratory experiments. This model will be used to determine 

the feasibility of developing a RD meter, and to investigate 

the relationship of existing theory to laboratory 

measurements. 

The attenuation, reflection and scattering of light 

waves from a coal/rock dust surface are important elements 

in such investigations. Currently, a large amount of 

research and development work is being done by researchers 

in other fields, e.g., the determination of the oxygen 

content ·in blood by measuring the diffuse reflectance. Such 

an RD meter may be used to detect dangerous levels of coal 

dust in coal ~ines; coal mine explosions may then be 

averted . 
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CHAPTER X 

INTRODUCTION 

1.1 OBJECTIVE 

The objective of this project is to conduct a 

feasibility stud~ for the design of a portable battery­

powered RD meter capable of distinguishing between safe and 

unsafe Coal Dust - Rock Dust mixtures. The experiments 

conducted indicate that the change in reflectance property 

of the sample with concentration of RD C using an infrared 

or near infrared light source). 

The following tasks are set in order to accomplish 

this objective. 

1. Understand optical fibers and their application as a 

probe. 

2. Design a suitable electronic circuit to measure 

light backscatter/reflectance in terms of electrical 

parameters. 

3. Measure Coal and Rock Dus~ light reflectance. 

1.2 BACKGROUND 

Manu uears of research on explosion by the United 

States Bureau of Mines, and similar agencies in other 

countries have shown that mixing a specific/critical 

quantity of inert dust C Rock Dust) with Coal Dust CCD) 
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will prevent Coal Oust explosions . Rock dusting is required 

by Federal Code in underground coal mines in the United 

States with limestone dust, the most commonly used 

substance. T~e law requires 80 wt pct incombustible material 

in the dust deposited in returns and 65 wt pct elsewhere in 

the mine, except for the first ~Oft (12.2 meters) from the 

face, where only crosscuts must be rock dusted1• 

In the presence of methane , the incombustible content 

of the dust must be increased by O.~ pct in returns and 1 

pct elsewhere , for each 0 . 1 wt pct methane in the 

ventilating air. An inspector for the Mine Safety & Health 

Administration CMSHA), in compliance with the law, 

periodically collects the samples of deposited dust. 

The conventional sample comes from a 6 inch (152.~mm) 

wide band across the floor, ribs and roof to a depth of 1 

inch (25.~ mm) , where possible. If the floor is well rock 

dusted, but the roof and ribs are determined visually to be 
J 

deficient in Rock Oust content, then it is recommended that 

the combined rib and roof portion of the band sample be kept 

separate from the floor portion, and a separate analysis be 

made on each .. The inspector screens the sample through a 

No. 10 sieve, if possible, and sends about 200 gms of the 

sieved sample to the laboratory for anal~sis. 

The concentration of Rock Oust in the sample is 

NOTE: Superscript numbers throughout the thesis correspond 
to numbers i~ the bibliograph~. 
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obtained by volumetric methods. From this Rock Dust 

measurement, the incombustible content is computed. 

Typically, the results of the analysis are received about 

two weeks after the sample is taken. In the mean time, the 

mine operators must rely on visual inspection (grayness) of 

rock dusted areas to estimate the quality of the rock 

dusting practice on a daily basis. 

For the past few years the Bureau of Mines has been 

developing several radiometric meters to measure Rock Dust 

in dust samples to help reduce the time delay and expense 

involved in the analysis. Meters utilizing beta (p) and 

gamma CY) radiation have been built; the P and Y-rays were 

noted to react strongly with Ca (Calcium) and Mg (Magnesium) 

atoms present in the Rock Dust and ash, but react weakly 

with H (Hydrogen), C (Carbon) or O (Oxygen) atoms found in 

the coal or water. To date, such single energy level 

radiometric approaches for measuring the rock dust and ash 

content of mine dust samples (excluding water) are limited 

to large samples and non-portable equipment2 . 

To alleviate the problems cited above, the Bureau of 

Mines designed and constructed a portable optical RD meter, 

that measures the concentration of RD in a primary RD/CD 

mixture C measuring the dust's optical reflectivity). The 

task performed by their portable meter provides a simple and 

rapid determination of the Rock Dust content in the grab 

samples2. 



The Bureau of Mine's optical Rock Dust probe has 

several drawbacks, namely2: 

a) sensitivity to moisture 

b) dust compaction, and 

c) particle size distribution. 

The purpose of their research was to determine if 

spatial distribution and polarization of photons, scattered 

from a dust layer, aids in the building of a meter that is 

not sensitive to above three factors. In the first phase of 

their research, they concentrated on studying the spatial 

distribution or the scattered photons, leaving the 

polarization studies for possible future research. 

Much optical backscatter work has been done by 

researchers in the bio-medical field for the design of 

meters to measure oxygen concentration in blood3,4,5,6,8,9, 10 . 

1.3 BUREAU OF MINES RD METER 

The Bureau of Mines RD meter is capable of measuring 

the Rock Dust concentrations of samples and therefore total 

incombustible content, giving the ash and water percentage, 

either in a mine's office or by taking direct measurements 

in underground roadways C tunnels). The operation of the 

meter is based on the measurement of infrared light 

reflected 

of dark 

from the sample surrace, consisting of a mixture 

CD and light RD particles. Their RD meter 

measurements indicate that the amount of light reflected 
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from the sample surface increases with an increase in the 

concentration of RD in the sample2, The correlation obtained 

with prepared dust samples is within ±2% of results 

determined by chemical analysis for Rock Dust contents with 

30 to 100 weight pct. The response of their meter has been 

most encouraging, and if further testing confirms its 

reliability, industry will have means of making rock dusting 

more effective, thus increasing safety and lowering the cost 

of chemical analysis. 
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CHAPTER 2 

THEORY 

2.1 INTRODUCTION 

The transport of photons in a dust layer include 

three stochastic processes: Ca) the travel of the photon in 

the void (air filled) spaces between the particles, Cb) the 

absorption of the photons by the particles, and Cc) the 

scattering of the photons by the particles. 

Each of the above processes is characterized by a 

single parameter: Ca) the parameter centers on the particle 

mean-free path Cl); Cb) it is the absorption coefficient 

Ca); and in Cc) it is the scattering distribution which has 

an assumed Gaussian form (characterized by the 

distribution's standard deviation, ~). 

This theory assumes that the air filling the 

interstitial space between the layer particles is 

transparent to the photons. Some of the photons entering the 

layer eventually, through scattering, are reemitted from the 

surface. Both the reemitted and reflected photons are 

measured in this project. 
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The figure 2.1 depicts the motion of photons in a 

dust sample. Photons following trajectories 1 & 2 are 

scattered by the dust particles and are lost, ~.e., they are 

not received by the receiving optical fiber. On path 3 a 

photon is sc~ttered by the dust particles, exits the sample 

surface and enters the receiving fibers. On path~ 

are depicted as being nonspecularly reflected 

surface and received by the receiving fiber. 

2.2 REFLECTION & SCATTERING 

photons 

from the 

Light occupies a small part of broad electromagnetic 

spectra. In referring to "optical frequencies" we generally 

mean the visible range, the near infrared, and the near 

ultraviolet. The propagation of light may be described by 

the behavior of rays which are: normal to wave front, 

straight lines in a homogeneous medium, change directions 

according to Snell's Law at the boundary between dielectric 

media, and curved for nonhomogeneous. media. Light wave 

(photon) reflection and scatter C see Appendix A) have been 

used in this project. The guiding of optical waves is 

generally accomplished by dielectric waveguides, in our case 

optical fibers COP). 

2.3 ABSORPTION 

Equation A.6 (Appendix A) is reproduced here as 

equation 2.1: 



F • F a 

wher-e, 

~tc1 
e 

e - 2.718 

s . 

(2.1) 

F0 is number- of photons striking the surface, per- unit time, 
per- unit ar-ea. 

F is the number- of photons that survive after­
r-eflection/scatter- and tr-avel through a distanced. 

at is the total absorption coefficient of the material. 

Introducing coefficients of reflection and scatter- we 

have, 

wher-e, 

ar- is the reflectivity coefficient 

a
5 

is the scatter- coefficient 

2.~ MATHEMATICAL MODEL 

The mathematical model, 

(2.2) 

for- photon flux 

backscatter-ad, developed by the U.S. Bur-eau of Mines is2 

(2.3) 



wher-e, 

arc - coal dust particle reflectivity 

arr - r-ock dust par-ticle reflectivity 

X • mass fr-action cf the rock dust 

10 

~r & ~care the par-ticle densities of RD and CD, r-espectively 

Nr & Nc ar-e the RD,CD particle number- density, r-espectively 

Rr, Rc ar-e the RD,CD effective particle radius, r-espectively 

and, 

(2.Lf) 

Expanding equation (2.3) and after- some manipulations, we 

obtain the following equation (2.5), 

F.., - gCX) bx - a + c + Xd 

wher-e, 

b _ ( _ 0 rc) 
1 arr 

c • k 

d - C 1 - k ) 

a + b • 1 

C + d - 1 

Developing equation (2.5) further-, we obtain 

~ F,, • g c X) _ K + XL 
c + Xd 

111her-e, 

K • ac 

L •ad+ b 

(2.5) 

(2.6) 
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Equation (2.6) is an 'improper rational function', 

this leads to a hyperbola which has an asymptotic behavior. 

If only a part of this hyperbolic function is considered, 

than it can be approximated with an exponential function. It 

is this assumption which is adapted in developing the 

related equations in this project. 

2.5 BASIC EQUATIONS 

Light travels in small bundles called photons. Since 

the reflection and scatter of photons from a dust surface is 

nonspecular, photons will be randomly reflected and 

scattered. PC8) represents the random travel of the photons: 

(2.7) 

Inserting this probability factor in equation 2.1 we obtain, 

F - F
0 

PCe) (2.8) 

where A is the vector displacement of photon. 

This equation is used to evaluate the data collected. 

2.6 MEASUREMENTS 

The operation of the RD meter is based on the 

measurement of infrared light backscattered from a sample of 

a mixture of light RD and dark CD particles. The amount of 

light received increases with an increase of the 

concentration of RD in the sample. 
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2.7 EXPECTED RESULTS 

The data collected should exhibit the exponential 

decay predicted by above basic equations. The· curves will 

decrease monotonically characterized by an absorp~ion 

coefficient that is a function of reflectivity Car) and 

scatter Cas) coefficients for the mixture. 
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CHAPTER 3 

APPARATUS AND PROCEDURES 

3.1 INTRODUCTION 

This chapter deals with the description of the 

apparatus and electronics used in the experimentation; the 

optical fiber, the optical fiber probe, and the light source 

employed are described. Figure 3.1 shows the schematic of 

the complete experimenta~ setup . 

3.2 OPTICAL FIBER PROBE 

The Optical Fiber Probe COFP) was fabricated at the 

U.S. Bureau of Mines, Pittsburgh, Pennsylvania. The OFP 

(shown in figure 3.2 ) consists cf two plastic blocks 

approximately 0.25 inch (6.35 mm) thick, 2 inches C 50.8 mm) 
~ 

long and O.~ inch (10.16 mm) wide. A SO ~m (micron) deep and 

2 mm long groove was machined on the inside surface of the 

probe block. Two parts of the probe block can be taken apart 

and reassembled using two machine screws. 

3.3 OPTICAL FIBERS 

Initially, silicon Optical Fibers COF) were selected. 

These OF had a core diameter of 100 ~m, cladding diameter of 
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Fig. 3.2 Optical fibeL pLobe blocks. FabLicated at 
United States Bureau of Mine, Pittsburgh, 
Pennsylvania. 
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1~0 pm and buffer diameter of 260 pm. Figure 3.3 shows the 

OFP assembly using these fibers. Due to the following 

reasons silicon fibers were not used in this project: 

a. Many of the fibers were breaking due to frequent 

handling. 

b. The OF is bonded inside the connector by epoxy 

and it was not possible to salvage the connector. 

This was found to be a costly proposition, as far 

as this project was concerned. Solution was found 

by using AMP™connectors. 



c. Another problem concerned the polishing of the 

silicon Of end. fiber ends had to be polished after 

the~ were fitted between the OFP blocks. Silicon 

fibers are harder than the plastic material of the 

probe. It was found that the blocks were abrading 

faster than the silicon fibers. Therefore, plastic 

optical fibers were used. 

d. It was found that the light emanating from the 

transmitting fiber was illuminating only a small 

16 

area. In addition the signal from the light emitting 

diode CLE•) was not bright enough for an equivalent 

output voltage to be measured. 

Fig, 3.3 Optical fiber probe assembly using 100 ~m silicon 
optical. fibers. This assembly was redesigned 
using five 1000 ~m plastic fibers. 
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In view of the above points, selected ESKATN plastic 

optical single fiber type EH ~001 (sample courtesy of Dr. 

Dominic Messuri of Packard Electric Division, Warren, Ohio). 

These OF has · a core diameter of 1000 ~m. 

Typical Characteristic of Fiber used are: 

Core Diameter 

Outer Diameter 

Numerical Aperture CN.A) 

Critical Half-Angle ec 

Light Ray Acceptance Cone Angle 

Core Refractive Index 

Sheath Refractive Index 

Attenuation (dB/km) approx. 

3.~ PROBE ASSEMBLY 

1000 ~m 

2200 ± 70 ~m 

o.~7 ± 0,03 

2s· 

ss· 

l.~92 <n1) 

1.~17 (~) 

~so dB/km at 630 
• . 632.B nm for 

He-Ne Laser 

nm• 

Final probe assembly consisted of five ESKAfflEH ~001 

OFs. The fibers were laid side-by-side and sandwiched 

between the two probe blocks. The blocks then were screwed 

together (see figure 3.~), with the probe end of the fibers 

flush with the block end. fibers were then polished using 

different grades of abrading paper. With the free end of the 

fibers illuminated the probes were checked under a 

microscope (courtesy of the department of Biology, KSU, 

Trumbull Campus). A circular light pattern seen under the 

mic~oscope wa~ a sufficient measure of good polished OF end. 
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Optical fiber probe assembly. 

At 

attached. 

the free end of the fibers AMPffl conne~tors were 

One good thing about these connector was that no 

epoxy was required 

Compared 

to 

to 

fix the fibers, and they were 

other connectors these were . much reusable. 

cheaper. 

connector. 

The polishing procedure was also repeated at the 

fibers An enlarged view of the placement of 

inside the probe is shown in figure 3.5. 

3.5 THE ELECTRONICS 

3.5.1 PHOTO DIODE 

Photodiodes can be operated in two different modes to 

measure the light intensity, i.e., the reverse-biased mode 

•nd the short circuit mode12 • 
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A Honeywell P-I-N photodiode HFD-38~3-002 is used as 

a light detector and connected in short circuit mode Ci.e., 

in photovoltiac mode) between inverting and noninverting 

inputs of the preamplifier stage, Fig 3.8. In the 

photovoltiac mode, the photodiode is connected without a 

bias to a load load impedance13 • 

3,5.2 CIRCUIT SELECTION 

The basic operational amplifier COP-AMP) circuits are 

shown in Figs 3.6Ca) and 3.6Cb). 

R R 

1in -----
R Fig. 3.6(a) Fig. 3.6(b) 

Fig 3.6 Current to voltage converter. 

Ca) Circuit compensated for minimum bias current error 

Cb) Basic circuit configuration 

Under ideal conditions Cno bias current infinite open 

loop gain and infinite impedance), the output voltage CU0 ), 

is given by 

Uc • - RI. 
in (3.1) 
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and the output voltage is directly proportional to the 

current to be measured. The value of R is chosen so that the 

expected current produces the desired output. In our case a 

voltage of 200 mu is desired. For a current of 20 nA 

R • 200 x 10- 3 - 10 Mn 
20 X 10-9 

Since OP-AMPs draw bias current, Ibias• equation 

(3,1) must be modified: 

(3.2) 

The error introduced by the bias current is minimized by 

adding a resistor to the noninverting input as shown in Fig 

3.6Ca). Here the output voltage is given by: 

(3.3) 

where Ioffset is the bias offset current which is 

considerably smaller than the bias current. The amplifier 

must be chosen so that the offset current is much smalier 

than the current to be measured to obtain the desired 

accuracy. For the measurement of nanoamps and picoamps it is 

usually necessary to use an OP-AMP with an FET input stage. 

Table 3.1 shows the comparison between Radio Shack's LM32~ 

and Motorola's LF356 ICs. Offset voltage was set to obtain a 

zero output voltage, of the first stage, by adjusting the 

Potentiometer R6 & Rl C see figure 3.8). 

If the sensor is to be used over a wide range of 

temperatures, the leakage current can introduce considerable 

error. This problem is alleviated if the photodiode is used 
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in the short circuit mode. With zero voltage across the 

diode there is no leakage current and the short circuit 

current is equal to the photodiode current Iph· The circuit 

is as shown in Fig 3.7. 

Table 3.1 

Comparison of LM32'i and LF356 OP-AMP ICs 

Type 

Low Input Bias Current 

Low Input Offset Current 

Low Input Offset Voltage 

Temperature Compensation 
of Input Offset Voltage 

Low Input Noise Current 

High Input Impedance 

Supply Voltage 

·· High CMRR 

High DC Voltage Gain 

LM32'i 

'iS nA 

5 nA 

2 mu 

± 16 U 

100 dB 

LF356 

JFET 

30 pA 

3.0 pA 

1.0 mu 

0.01 pA/CHz)J{ 

1012 n 

± 16 U 

100 dB 

106 dB 

Source: Radio Shack & Motorola specification data sheets 

In reality the amplifier offset voltage appears 

across the diode plus R5 • Since this voltage is very small, 

the leakage current is at least two orders of magnitude 

smaller than in the reverse bias mode. Neglecting the offset 

Voltage, the output voltage of the amplifier is given by 



Since R is 10 Mn the 

transconductance gain is 20 U/µA. 

R 

R 

Fig. 3.7 Photodiode sensor amplifier for operation 
in the short circuit mode. 

3.5.3 EXPERIMENTAL CIRCUIT 
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The experimental circuit is shown in Fig. 3.8. A 

Radio Shack IC CUAO OP-AMP LM32~ was used for this 

feasibility study . All resistances used were ±1% metal film 

Since the equipment will be used both inside and 

outside of the mine, the circuit will be subjected to wide 

temperature variations. For this reason, the photodiode was 

used in short circuit mode. The IC LM32~ has four OP-AMPs on 

the chip, but only two stages were used. This avoided 

unnecessary wiring, thereby reducing the noise picked up by 



long wires. 

"T'l • "T'I -u, '-
lr" .+ 0 "-a' 
11) - 3 ,n 

p 

R6 

R7 

Rl R2 R3 R4 

RS 13 

12 

Fig. 3.8 Experimental circuit. 

cgmpgpept t1:,t: 

D1 Photodiode, Honeywell HFD-38~3-002 
.. 

ICl Cuad OP AMP, Radio Shack LM32~ 

Rl,R6 1 Mn, Variable Potentiometer 

R3 150 Kn, Variable Potentiometer 

Re,R7 10 M~, ±1% Metal Film Resistor 

R~ 100 Kn, ±1% Metal Film Resistor 

RS 20 ~n, ±1% Metal Film Resistor 

OUTPUT 
I 
I 

A photograph of the circuit is shown in Fig. 3.9. 

Figure 3.11 shows the complete experimental set-up. 
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Fig. 3.9 PictoLial of actual ciLcuit 

3.6 NOISE 

By connecting an oscilloscope at the output of the 

a mplif ier 1 MHz noise signal was observed. The souLce of 

t his noise was not deteLmined. The post-thesis plan includes 

determining and Leducing this noise level. 

Other souLces of noise were due to the impLoper 

gLounding of the bLeadboard and long device leads. Device 

leads cou ld be tLimmed, once the circuit is finalized and a 

Proper printed circuit boaLd is designed. The entire circu i t 

could then be propeLly shielded. 
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3.7 LIGHT SOURCE 

Dur-ing tests it was found that the spr-ead of the 

light comi~g out 

In addition the 

of the tr-ansmitting fiber- was small . 

light from LED (light emitting diode) was 

not br-ight enough to obtain signal at the output of the 

amplifier. 

A He-Ne Laser- was obtained to r-eplace the LED as a 

light sour-ce (courtesy of Dr-. Shashikala Das, Pr-ofessor- of 

Physics, Kent State Univer-sity, Tr-umbull Campus). 

wavelength of the Laser- was 632.8 nm C or 6328 A ). 

powe r- of light sour-ce was 0.95 mW (Fig. 3.10). The 

The 

The 

light 

was mor-e intense and had a lar-ger illuminating area than the 

LED. For- the pur-poses of this pr-eliminar-y investigation it 

was sufficient. 

-----,-- . -·· ... -- ·- --, .. 

Fig. 3.10 He-Ne laser- light sour-ce assembly. 
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Fig. 3.11 General experimental setup. 

3 .8 SAMPLE MATERIAL 

The RO and CO samples used in this project were 

suppli ed by US Bureau of Mines, Pittsburgh Caal Oust was 

prepared f~~ m bulk c=al that was grounded and s i eved under 

controll ed laboratory conditions. five batches, 16 gms each 
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of RD and CD mixtur-es wer-e made: 

100 % Coal Dust 

75% + 25% Coal Dust (12 gms) + Rock Dust Cl.fgms) 

50% + 50% Coal Dust (8 gms) + Rock Dust CB gms) 

25% + 75% Coal Dust ( 'f gms) + Rock Dust (12 gms) 

100% Rock Dust 

Consider-able effor-t was made to ensur-e that the mixtur-es 

wer-e homogeneous. The mixtur-es wer-e continuously stir-r-ed 

until a unifor-m gr-ayness was obser-ved. The surface-weighted­

mean-diameter- of Coal Dust r-anged fr-om 25 to 30 ~m. The 

sur-face-weighted-mean-diameter- of Rock Dust r-anged fr-om 15 

to 20 ,µm 2 

3.9 MEASUREMENTS 

Twenty r-uns wer-e made for- each batch of samples, 

i.e., mixture of Coal Dust & Rock Dust and with pur-e Coal 

Dust and Rock Dust. 

The light fr-om the - tr-ansmitting Fiber-# 1 was 

ir-r-adiated on the surface of the sample. It was found dur-ing 

the exper-iment that immer-sing the pr-obe into the mixtur-e 

blocked the light and ther-e was no measurable light coming 

out of the receiving fiber-s number-ed 2 S. Due to 

electrostatic charge sample particles were clinging at the 

tip of both transmitting and receiving fibers; to avoid 

this, the probe was kept at some critical distance above the 

sample surface. This critical distance was found to be 3/8 

inches (9.525 mm). This distance was found to give maximum 
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recei v ed 

3 .12 and 
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vo l tage read i ng for corresponding light signal 

in the respective rece i ving optical fibers. Figs. 

the 3.13 show the reflected light picked up by 

receiving cpt i cal fibe~. Also , after ever~ read ing the probe 

surface was completely cleaned to remove any clinging dust 

particles. 

·, 

~ ....... -.......... - .~ -•· - --•····· ·-· ·-- _..of; .. .. ~-- ........; .. ,. ........ ~--- I.,. 

. j ..... \, ..... -·-~----- _,._,. ____ ..,.,. ...,_,..:;..• ... 

Fig. 3.12 Transmitting optical fiber 
illuminating the dust mixture. 



Fig. 3.13 Light reflected from the surface 
of the dust samples is seen coming 
out of the receiving optical fiber 
ends. 

30 
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CHAPTER 4 

DATA ANALYSIS AND DISCUSSIONS 

't.l INTRODUCTION 

Data collected during the experiment were graphed and 

seem to follow an exponential decay Mathematical 

derivation of formula and curve fitting is given in detail 

in APPENDIX C. 

't.2 DERIVED EQUATIONS 

Tables D.l to D.S (Appendix D) contains various data 

collected for different mixtures of the samples. Equations 

't,l to 't.S are derived from the plots of the data (Appendix 

D) collected and the mathematical computations done in 

Appendix C. 

For 100% Coal Dust+ 0% Rock Dust 

C't.l) 

For 75% Coal Dust+ 25% Rock Dust 

('t.2) 

For 50% Coal Dust+ 50% Rock Dust 

('t. 3) 
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For 25% Coal Dust+ 75% Rock Dust 

(LLLf) 

For 0% Coal Dust+ 100% Rock Dust 

(Lf.5) 

Setting y • F and x • d, in equations ~.1 through 

~.S, we express constant A as a function of parameters F
0

, 

as and A; also, constant Bis then a function of as• 

Finally, actual constants to be found are «t, «s and 

«L. These constants weLe not found and left out for futuLe 

work, as this pLoject was limited to the feasibility study 

foL the development of a RD meteL, 

~.3 DATA ANALYSIS 

Table ~.land figuLe Lf.6 give the Output Voltage vs 

the RD peLcentages. The output voltage Leading bias from 

Leceiving fibeL# 3. MeasuLements fLom otheL receiving fibeLs 

were discaLded, because the output voltage was eitheL 

satuLated or neaL zero. This plot CfiguLe ~.6) then could be 

used to determine the RD percentage coLresponding to voltage 

measuLed at the output stage of the amplifieL, The data 

indicates that gLayness vaLies with RD peLcentage, i.e., the 

output of the amplifieL varies with the peLcentage change in 

Rock Dust in a sample dust. 



TABLE '-t.l 

Light Signal in Uolts vs Rock Dust Cin 
percent wt. pct). 

o•,.. ' • 25~~ so~~ 75~~ 100% 

01 0.0 0.395 0.568 2 .100 2.600 
02 0.0 0.260 O.'-t'-t5 1.860 3.300 
03 0.0 0.312 0.51±3 1.780 2.300 
0'-± 0.0 0.555 0.605 2.020 1.760 
OS 0.0 0.595 0 .5'-:1 1.910 1.580 

06 0.0 0.26'-t 0.568 1.790 1.600 
07 0.0 0.'-±55 0.615 1.830 1.670 
08 0.0 0.122 0.511 1.930 2.500 
09 0.0 O.'-f:82 0. '-f:52 1.720 2.0'-tO 
10 0.0 O.'i69 0.790 1.630 2.090 

11 0.0 0.366 0.678 1.730 1.320 
12 0.0 0 .'-±65 O.S35 1.810 2.'i80 
13 o.o 0.'-±02 0.533 1.830 2.300 
1'-t 0.0 0.273 0.535 1.820 1.670 
15 . o.o 0. 3"±~ 0.770 1.690 2.720 

16 0.0 0.321 0.7'-tO 1.780 2.180 
17 0.0 0.378 1.035 1.810 2.220 
18 0.0 0.365 0. '-f:58 1 . 7'-tO 2.Lf60 
19 o.o 0.199 1.090 1.690 3,280 
20 o.o 0.551.f 0.650 1.650 2.060 

Output taken off the number 3 r-eceiving optical fiber-
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CHAPTER 5 

CONCLUSIONS 

5.1 INTRODUCTION 

The objective of this project was to conduct a 

preliminary investigation to determine the feasibility of 

developing a RD Meter. 

5.2 CONSTRAINT 

During this project, we set out to measure the light 

backscatter from a RD/CD dust sample. Wh~n the OFP was 

immersed into the sample, no output was observed with either 

a LED or a laser light source. It was observed that, when we 

immersed the probe into the sample, dust particles were 

clinging not only on the OF tips but also to the plastic 

body of the probe. During trial runs, in which the OFP was 

immersed in crystal sugar sample, a strong signal was 

obtained with the laser light source C both visually and by 

measuring a voltage output), Using a LED source, a signal 

could not be measured. No measurements were recorded for 

this trial run. Does scatter in a particular medium depend 

on its crystal structure, material type and its reaction to 

the incident light (photon)? 

In view of the above observations, the strategy was 

changed during the course of this project. It was then 
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limited to measure the reflection from the surface of the 

sample. The transmitting/receiving fibers (that is the OFP) 

had to be kept at some distance C see Chapter 3) above the 

surface of the sample. 

Setting the distance of the optical fiber probe above 

the surface of the sample was not very precise. It was done 

manually by keeping the probe at a particular mark on the 

scale attached to the probe fixture assembly. Further, the 

sample surface was not perfectly flat or level. One way of 

reducing the error and variation this causes is to insert a 

transparent window between the probe and the sample surface. 

5.3 OTHER CONSTRAINTS 

The constraints mentioned in this section have no 

bearing on the theory of this project C i.e., 

reflection). Nevertheless, these have to be 

scatter and 

taken into 

consideration for the final design of the RO meter. 

Other specific requirements for the design of the RO 

meter are listed below: 

a. These constraints dictate a low noise high 

gain · amplifier. 

b. Battery operation and portability precludes the use 

of laser light source, as this requires a high 

voltage power supply. High voltages should not be 

used, since they could spark a fire or explosion. 

c, Since the portability of the instrument is desired, 

search for h1gh intensity LED has to be made. 



5.~ ELECTRONICS 

AnotheL factoL to be consideLed is that in the 

preamplifier stage FE! OP-A~1P was not used. The OP-AMP used 

had a higher input bias current than FE! OP-AMP. It was 

observed that workbench· power points may not be properly 

grounded. This might have intLoduced some noise. 

5.5 EVALUATION 

An evaluation of the data collected indicates that it 

is feasible to design such a meter. It is dependent on 

better data collection technique and instrumentation. It was 

found that the variation in light signal is dependent on the 

concentration of RD in a RO/CO mixture. Similar results were 

reported by US Bureau of Mines2. 

5.6 RESULTS 

It was observed that, with the different mixtures of 

Coal Oust with Rock Dust, grayness of the test Jsamples 

changes. With pure Rock Dust (whitish gray) the signal was 

veru high and it was very low (practically zero) for pure 

Coal Dust (Jet black). It can be concluded that there may be 

a relationship between the grayness of the sample and the 

percentage of RD in a particular sample by measuring the 

output signal. The RD meter's scale (digital or analog) can 

be calibrated in terms of RD percentage. Table 5.1 (based on 

the fitted curves) compares the test data with the fitted 

data. The information in Table 5.1 is limited to the output 
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fLom optical fibeL# 3. 

TABLE 5.1 

Light Intens i ty vs~ of Rock Dust 
(measured fLom OF# 3). 

RD% TEST DATA EXPONENTIAL FIT 
Yi mu Cyf)i mu 

0 0 0 

25 300 390 

so 700 '¼90 

75 l'fOO 1600 

100 2'-tOO 32'-tO 

'i3 

i' 

r 



CHAPTER 6 

FUTURE NORK 

Based on this project and the study of Optical 

Fibers, future work on the following projects could be of 

interest, 

l 

1. Measurement of dust particle concentration in 

surrounding air using optical fibers. This will 

be of special interest to Hospitals and Clean 

Rooms. Principle to be used is light scatter from 

the dust particles. 

2. When a material is subjected to an electric field, 

its refractive index changes. · Since optical fibers 

are considered dielectric waveguides, we can expect 

a change in their refractive index. This change in 

refractive has direct relationship with the light .. .. 
wave transmission inside of the fiber. This effect 

could be utilized in designing a sensor to measure 

high currents inside the electric machines. 

3. A change in diffraction and phase pattern is produced 

in an optical fiber, when subjected to sound 

(acoustic) waves, due to photoelasticity. This effect 

can be used to modulate a light beam in the optical 

fiber. Many properties, e.g., light conducting 

velocity, reflection and transmission coefficients 



at interfaces, acceptance angles, and transmission 

modes are dependent upon the diffractive changes 

occurring in the optical fiber. 

~- A simple optical fiber temperature sensor, which 

could be attached on the surface of the boiler or 

inside an electric generator. The temperature 

~s 

sensed could then be used as a control signal. There 
• 
are various ways by which this could be achieved. 

When two fibers are coupled, there could be a 

mismatch between the fiber ends. This mismatch could 

result in the attenuation of the light signal. 

What is then needed is to artificially create this 

mismatch and relate this to variation in the 

temperature. 
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APPENDIX A 

RAY AND WAVE OPTICS 

A.1 lEFLECTION 

When light strikes an object the light is iransmitted 

(refracted) through , absorbed by, or reflected from the 

object. Reflection can be said to be either SPECULAR or 

NONSPECULAR. 

F",g. A.lCa.) Nons.:iecular 
Re : i ec-::c :, 

specularly 

~ 

0 1 001 

/• reflected ray 

~;1~~ ... ~/ 

Z a 0 
"72 

F'ig. A.l< b ) 

• :.J. ... 

retracted ra .. '\ . 

Fig. A.l Specular, ncnspecular reflection 
and refraction. 

In fig. A.la, an incident ray cf light strikes a 

surface and is reflected nonspecularly. In a pure 

nonspecular reflection, the reflected rays go in all 

directions with equal intensities. Mcst of the light 

detected by cur eyes has undergone a nonspecular reflection. 
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undergoes a In fig. A.lb, an incident ray of light 

specular reflection at a surface. In a 

reflections, all of the reflected light 

pure 

travels 

specular 

in one 

definite direction. The angle of incidence 0 1 (measured 

between the incident ray and the normal to 

angle of reflection 8i (measured equals the 

reflected 

reflection 

ray and the normal to the surface). 

the surface) 

between the 

In specular 

81 • 8i CA.l) 

No reflection is exactly a specular reflection 

(i.e., 100% of the light in one direction), and also, no 

reflection is purely nonspecular C i.e., no preferred 

direction). 

For a uniform wave incident at an angle 0 1 from the 

normal to the plane boundary between two dielectrics E1 and 

e2 , there is a reflected wave at some angle 8i with the 

normal, and a transmitted (refracted) wave into the second 

medium which is drawn at some angle 0 2 with the normal. For 

either type of polarization, the continuity condition on 

tangential components of electric and magnetic fields at the 

boundary z-O must be satisfied for all values of x. As in 

the case of reflection from the perfect conductor, this is 

Possible for all values of x only if incident, reflected, 

and refracted waves all have the same phase factor with 

respect to the x direction. 
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Thus, 

(A.2) 

f'or vacuum or air, 

and CA.3) 

f'or other materials, 

CA.If) 

The 

(the 

f'irst pair in equation CA.2) gives the result e 1 8' 1 

angle of reflection is equal to the angle of' 

incidence). 

A.2 REFRACTION 

SNELL'S LAW OF REFRACTION: From the last equality the 

equation CA.2), we f'ind a relation between the ~ngle of 

refraction 0 2 and the angle of incidence 8 1 : 

sine2 
sine 1 

CA.5) 

This relation is known as Snell's L·a111. The refractive 

index n is defined to be unity for f'ree space. For most 

dielectrics, n1 tn2 may be replaced by C E1 tE2 )~ since 

.Lil • ~ • -"3 • 
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A.3 ABSORPTION 

Whenever a beam of particles strikes a barrier, the 

particles interact with the atoms in the barrier material. 

The thicker the material, the mere likely it is that an 

incident particle interacts with an atom. The actual type cf 

interaction depends en the type and energy of the incident 

particle and the material the barrier is made of, but the 

net effect is that fewer and fewer of the original particle, 

continue through the material. The barrier device is often 

called an ABSORBER. 

The number of incident particles striking a surface 

per unit time per unit area is F0 , and the number of these 

particles per unit time, per unit area, that survive after 

traveling through a thickness L cf the absorber is denoted 

by F. The relationship between F0 , F and Lis given by the 

equation: 

f' • ,:, ' ~tl '"a e .• CA.6) 

where e • 2.718 and ~tis the ABSORPTION COEFFICIENT cf the 

material. The ABSORPTION COEFFICIENT depends en the type cf 

incident particle, the energy of incident particle, and the 

material of which the barrier is made; that is, 

CA.7) 

The process whereby the intensity of a beam cf 
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Electromagnetic radiation is attenuated in passing through a 

material medium by conversion of the energy of the radiation 

to an equivalent amount of energy which appears within tne 

medium, the radiant energy is converted into heat or some 

other form of molecular energy. 

A perfectly transparent medium permits the passage 

cf a beam cf radiation without any change in intensity other 

than that caused by the spread or convergence of the beam, 

and the total radiant energy emergent from such a medium 

equals that which entered it, whereas the emergent energy 

from an absorbing medium is less than that which enters, and 

in the case of highly opaque media, is reduced practically 

to zero. 

No known medium is opaque to all wavelengths of the 

Electromagnetic spectrum, which extends from radio-waves, 

whose wavelengths are measured in kilometers, through the 

infrared, visible and ultraviolet spectral regions, to 

X rays, cf wavelengths down to 10-ll cm. Similarly, no 

material medium is transparent to the whole electromagnetic 

spectrum. A medium which absorbs a relatively wide range of 

wavelengths is said to exhibit general absorption. 

A.~ THE PHOTONS 

Light travels in small bundles called PHOTONS. 

PHOTON is a portion cf a wave that contains only a definite 

number of cycles (not infinitely long). Energy is 

transported by 
. . 

electromagnetic pulses. Each PHOTON has a 
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definite amount of energy that is related to its frequency 

by the relationship 

E - hf CA.8) 

where his the Planck's constant C - 6.626 x 10-34 Joules.s 

or - 4.141 x 10-15 eU.s C 1 eU - 1.60 X 10-19 Joules). 

A.5 LIGHT WAUE PROPAGATION ANO SCATTERING 

Wave propagation and scattering has great 

significance in communication, remote-sensing and detection. 

Media may vary in time and space, thereby the amplitude and 

phase of light waves may also fluctuate randomly. 
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APPENDIX B 

OPTICAL FIBERS 

8.1 OPTICAL FIBER~ - BASIC ADVANTAGES 

Compared to other systems, optical fiber transmission 

systems have unique advantages, as listed below: 

a. operate with less energy per message unit-mile, 

b. lower signal attenuation per unit distance, 

c. higher bandwidth, 

d. lower electromagnetic interference, 

e. lower cross-talk, 

f. higher resistance to clandestine eavesdropping, 

g. lower shock hazard, 

h. smaller size, 

i. less weight, and 

j. reduced consumption of critical metals, 

k. operable under hazardous conditions, like mines, 

and inflammable environment 

The optical signal may be in analog or discrete form 

and the system may operate with or without optical-to­

electrical or electrical-to-optical signal conversion. 

B.2 DESIGN OBJECTIVES 

of 

of 

the design objectives 

a good optical fiber 

considered in 

are illustrated 

Some 

development 

' fig. 8.1. The system consists of an optical source 

the 

in 

The 

I 
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___.,,____,I OPTICAL -~I SGURCE 
INPUT ____ _. •(~)--~~~----)--• ~o~~ L 

,...._ ___ __,,~FUT 
OPTICAL FIBER 

Fig. 8.1 

input signal at the left represents the information that is 

impressed on the light beam that, after emerging from the 

source, is focused into one end of an optical fiber. The 

light travels through the fiber and emerges from the 

opposite end, where it is directed into an optical detector. 

Four major design objectives are: . 

1. The desirability of maximizing the amount of 

available light that is coupled/transferred into the 

core of the fiber. It is only the light in the core 

that is propagated along the length of the fiber with 

relatively low optical power loss. In order to 

maximize the amount of light transferred into the 

core, it is necessary to maximize the numerical 

aperture CN.A.) of the fiber. 

2. The desirability of minimizing the light lost from a 

beam as it travels through the core from the input to 

the output end of the fiber. This light loss is 
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called the attenuation (power loss) rate, expressed 

usually in dB per kilometer of fiber. 

3. The desirability of maximizing the information­

carrying capacity of the fiber. 

Y:. The desirability ·of maximizing the strength of fibers 

when they are initially drawn and maintaining this 

strength when the fibers are formed into cables or 

are used in sensors. 

B.3 BASIC THEORY 

According to the theory of light, a ray incident from 

below on the interface between two transparent media, at an 

angle 8 1 with the interface surface behaves as shown on 

fig. 8.2 . When angle 8 1 is large, part of the incident beam 

is transmitted into the upper medium 2 and part is reflected 

back into medium 1. Their relative intensities depend upon 

the refractive indices of the two media. 

MEDIUM 2 

n 1 

MEDIUM 

Fig. B.2 Reflection o.nci ref'ro.ction 
o t the interface when o 
light wo. ve tro vels f'roM o I 
higher to o lower. refroctive ­
incie x !'7lediuM, 
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The refractive inde~ of a medium is defined as the 

ratio of the velocity of light in a vacuum to the velocity 

of light in the medium. The higher the refractive index of a 

medium, the slower light will travel in it. The refractive 

index of medium 1 is designated as n1 and that for medium 2 

as~• as shown in the figure B.3. 

I n 1 > n2 I 
MEDIUM 2 

I v't < V2 I 

I I 
(CLADDIN

1
G) 

n 1 I _/e2 I ----02 

7:\I, y:~ 0---- I --n2 , I; 
I 

I; I I, 
MEDIUM 

, 
I, I (CORE) I 

CASE 1: 0,> 02 CASE 2: 0,::: 0. CASE 3: 0,< 0. 

Fig. ~.3 Inte..-:10.l reflection of lignt rays str- ikinr; 
o.n ;r,-:erf ::.::e surf'oce c..-: ongles gre::. ter 
than, less than, and a""C, the cri~ical ang le . 

I, 

Snell's law of refraction of light at an interface 

states Cin this chapter we are using cosi~e instead of sines 

of the angles) that the ratio of the cosine of the angle e 1 

to the cosine of 82 is equal to the ratio of n2 in1 , which in 

turn is equal to the ratio v1 iv2 . If light propagates in 

medium 1 at a lower velocitu than in medium 2, the angle . 81 

will be greater than angle 82 and the ray will be bent 

toward the interface when entering medium 2. The angle of 

the reflected beam is equal to the angle of incidence. As 

the angle 81 is progressivelu decreased, a state will reach 

that beyond which the beam will be totally reflected back 

into the medium 1. This angle at which the total internal 
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reflection occurs is called the critical angle. Let that 

angle be designated as ec, where e 1 is equal to ec. 

-. 1 ( nn21 ) ec - cos cs·. 1) 

FoL all values of ~l equal to or less than the critical ec , 

the incident ray will be totally reflected and energy will 

not be transmitted into medium 2. This phenomenon of total 

internal reflection occurs only when the velocity of light 

in medium 1 of incidence is less than the velocity of light 

in medium 2; i.e., n 1>n 2 . It is this phenomenon of total 

internal reflection which serves as the basis of operation 

for optical fibers. 

The refractive index aE the core material must be 

slightly higher than that of the cladding material. In this 

manner, the light ray is totally trapped inside the core of 

the optical fiber. Ideally, the light ray will propagate 

without attenuation through the core of the fiber . 

.. 
The refractive index of the cladding is held slightly 

less than that of the core and thus it is convenient to 

introduce a quantity, say 6, the fractional difference 

between the two refractive indices, defined by the equation: 

CB.2) 

From Equation CB.1) and CB.2), and for a ray that 
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travels in a plane containing the central axis cf the core 

Ca meridional ray), the cosine of the critical angle is 

given bb,l 
n2 

; that is, nl 

cosec - n2 
1 - A - -nl 

ccs2 e - 1 - 26 + 6 2 
C 

sin2 e - 1 - cos 2 e - 2A - A 2 
C C 

1 

sinec - (26 - A2) 2 

(8.3) 

(8.'i) 

(8.5) 

(8.6) 

when A<< 2 

then: 

which is usually the case for optical fibers, 

sinec ~ .JC2A) (8.7) 

Critical angles, as ec, are usually only a few 

degrees in measure. Rays propagating inside the core at 

angles equal to or less than ec will be trapped inside the 

core, while rab:js that propagate at angles e 1 > 8c will be 

partially transmitted into the cladding each time they 

encounter the core-cladding interface. These rays rapidly 

attenuate as they travel further into the core and thus do 

not contribute significantly to propagation over 

distances. 

8.'i NUMERICAL APERTURE CN.A.) 

long 

The numerical aperture CN.A.) of an optical fiber is 

defined as the sine of half angle of the cone of light that 

is incident from air on the input end of an optical fiber, 

such that all the rays having a direction that lies within 
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such that all the rays having a direction that lies within 

the cone will be trapped within the core once they enter the 

fiber as shown in fig 8.~. 

Fig. B.4 Light ro.ys within the 
o.ccepto.nce cone ore 
tra.ppeci within the core . 

From the definition, ·numerical a·perture C·N.A.) is 
1 

equal to sin 8 c· 

~1) , or CB.B) 

(8.9) 

Equation (8.9) states that the amount of light that 

will remain trapped and propagate in the core is directly 

Proportional to the square root of the product of the core 

refractive index and the core cladding refractive index 

difference. 



Fig, B.5 

'-- BUFFER 

CLADDING 

CORE 

Cut-o.wo.y view of 
o.n optico.l fiber 
C front encl) 
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APPENDIX C 

NATHENATICS ~ DATA ANALYSIS 

C.1 INTRODUCTION 

Curves cf best Fit were applied to the collected 

data. According to Beer's Law, the expected curve is an 

exponential decay type of curve. The normal equations are 

derived by Least Square Method. 

C.2 MATHEMATICS 

Since the predicted curve is an exponential decay 

curve it will be cf the form: 

-Bx 
y 1 - A e 1 

where A and Bare the unknown constants. 

Let x,, y 1 be test data; i - 1,2, .... ,n. 

CC.1) 

Least Squares method states that ( 
1
~

1 
I y 1 - y 1 I ) should be 

a minimum where, y 1 and y 1 are the test data and fit, 

respectively. 

Taking the natural logarithm cf equation CC.1), we 

have, 

ln y 1 - ln A - B CC.2) 

Setting, ln y
1 

~ - y" ~ ~ ln A• A and B • - B, equation CC.2) 

can be written as, 
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~ ~ ~ Y 1 - A + B •x 1 CC.3) 

Then the sum of the squares of the residuals is 

CC.If) 

~ ~ ~ ~ where ICA,B) and, A and Bare unknown. 

~ ~ The objective now is to find A and B for the best 

exponential fit. This requires (necessary condition) that: 

Partial differentiation of equation CC.If) yields: 

al 
·as 

CC.5) 

CC.6) 

Equating equations CC.5) and CC.6) to zero produces 

the associated normal equations, that is, 

~ ~ ~ A • n + B•l:x 1 - l:Y l CC.7) 

CC.8) 



where, 

i • index i - 1, 2, 3, 'i 

X · -l center-to-center distance from the transmitting OF to 
the receiving OF, in microns. 

Yi - voltage in mu 

~Cxi) - the sum of all distances. 

~ Y, - ln y 1 

~Y, - the sum of data at respective distances in mu. 

L(x, 2
) - the sum of the squared distances. 

Above parameters were calculated using Lotus 1231". 

Tables C.1 to C.5 give values of above pa["'amete["'s. 

Table C.1 

100% Coal Dust + 0% Rock Dust 

X 2 ~ ,v 

i x, Y, I y I • ln y 1 X1 y I 

1 1000 95 lx10 6 'i.5539 'i.55'ixl03 

2 1250 60 1.562Sx106 'i.09'¼3 S.11Bx103 

3 1500 22 2.25x106 3.0910 'i.637x103 

'i 1750 'i: 3.0625x10 6 1.3863 2.'i26x10 3 
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From Table C.l we have, 

~Cx 1) - S.Sxl0 3 

~(x, 2
) - 7.875xl0 6 

~(v,) - 13.1255 

63 

Substituting these values in simultaneous equations 

C.7 and C.8, and solving for A and B we obtain, 

A - 8602.B or A= 8600, B - 'i,202Sxl0-3 or B = 'i.2xlo-3 

Therefore, fer 100% Coal Dust, the fitted curve is 

CC.9) 

Table C.2 

75% Coal Dust+ 25% Rock Dust 

X 2 
,v ,v 

i x, u, I y I - ln y 1 X1 y I 

1 . 1000 l'iOO lx10 6 7.2'i'i2 7.2'i'ix103 

2 2000 'iOO 'ix10 5 5.9915 · 11.983xl03 

3 3000 100 9x10 6 't.6052 13.B16xl03 

'i 'iOOO 30 16x106 3.'¼012 13.60Sx103 



From Table C.2 we have, 

l,;Cx 1) - l0xl0 3 

l:(x, 2
) - 30xl0 6 

l:(v,J - 21.2'¼21 

Substituting these values in simultaneous equations 

C.7 and C.8, and solving for A and B we obtain, 

A - 5110.2 or A= 5100, B - 1.291'ixlo-3 or B = 1.29xlo-3 

Therefore , for 75% Coal Oust+ 25% Rock Oust the fitted 

curve is, 

CC.10) 

Table C.3 

50% Coal Oust + 50% Rock Oust 

X 2 "' "' 1 x. u, t y I - ln Yt X1 y I 

1 1000 16B0 1x106 7.'i265 7.'i27xl03 

2 2000 600 'ix10 6 6.3969 12.79'ix103 

3 3000 l'iO 9x10 6 'i.9'i16 l'i.825x103 

'i 'iOOO 20 16x106 2.9957 11.983x103 



From Table C.3 we have, 

n - 'i 

~Cx 1) - 10x103 

~(x/) • 30x106 

~(v,) - 21.7so1 
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Substituting these values in simultaneous equations 

C.7 and C.B, and solving for A and B we obtain, 

A - 9196.5 or A= 9200, B - 1.'i7't6xl0-3 or B = 1.'t7xlo-3 

Therefore, for 50% Coal Dust+ 50% Rock Dust the fitted 

curve is, 

CC.11) 

Table C. 'i 

25% Coal Oust+ 75% Rock Dust 

X 2 
IV IV 

i x, u, I V' - ln y 1 x 1 V 1 

1 1000 't680 1x105 B.'tSll B.'t51x103 

2 2000 1720 'tx10 6 7."!501 1'i.900x103 

3 3000 560 9x10 6 6.3279 18.98'ixl03 

't 'tOOO l'tO 16x106 't. 9'¼16 11.983x103 



FLom Table C.~ we have, 

l:Cx 1) - 10x10 3 

l:(x, 2
) - 30x10 6 

l:( Y l) - 27 . 1 707 
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Substituting these values in simultaneous equations 

C.7 and C.8, and solving foL A and B we obtain, 

A - 16~08 OLA= 16~00, B - 1.1652xl0-3 OL B = l.17x10-3 

TheLefoLe, fOL 25% Coal Dust+ 75% Rock Dust the fitted 

CULVB is 

CC.12) 

Table C.S 

0% Coal Dust+ 100% Rock Dust 

X 2 "' "' 1 x, 1.1, I y 1 - ln Y1 X1 y I 

1 · 1000 l'iSOO lx101 9.582 9.582x103 

2 2000 2500 'ix10 5 7.821.f 15.6'i8x103 

3 3000 BOO 9x10 6 6,685 20.05Sxl03 

't 'tOOO 300 16x101 S.70't 22.816x103 



From Table C.S we have, 

n - 'i 

~Cx 1J - 10xl0 3 

~( x/) - 30x10 6 

~ ( YI ) - 29 . 795 

~(x 1•Y 1 ) - 68.101x10 3 
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Substituting these values in simultaneous equations 

C.7 and C.8, and solving for A and B we obtain, 

A - 'ilBSB.S or A= 'i1900, B - 1.2773xl0-3 or B = 1.28xl0-3 

Therefore, for 0% Coal Dust+ 100% Rock Dust the fitted 

curve is, 

y - 'i1900 e CC.13) 

Setting y - F and x •din normal equations C.7 and 

C.8. Whereas, constants are ACF
0

, «sand~) and BCo
5
), 

Finally, actual constants to be found are at, a5 and 

C<r. 

Uarious normal exponential fits derived are plotted 

(see figures C.1 to C.5), using MathCADffl 
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Data collected show a monotonic behavioL and aLe 

LeCOLded in Table C.6 fOL VaLious peLcentages of RD 

concentLation in the sample. 

-
Distance 

,µm 

1000 

2000 

3000 

'iOOO 

TABLE C.6 

Monotonic behavioL of the data 
Call in mU). 

% Rock Dust in sample 

100 75 so 25 

1'¼500 'i800 1650 1350 

2500 1720 600 'ilO 

850 560 150 100 

300 150 so 'iO 

0 

95 

2 

0 

0 
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N := 4000 :·: := C>,1 •• N 

[ - ~ ] 
- 4 -,,-> · 1(> . ,., . -·- - ,, 

y ( :: ) := 8600 · e 

9000 

I 
I 

I 
l 

y ( :-:) 
I , 
I 

.,_ 
-.. 

-.,_ 
'-· -0 

I 

0 X 4000 

Fig. C.1 Fitted curve for 100% Coal Dust 



N := 4000 :: : = 0 ~ 1 •• N 

-[1 "" 0 ·11,-3 ... J ...... , - ,·, 

y ( :: ) := 5100 · e 

t: () ()Ol F_========:::;~=========+=========i::========:J 

y ( :-: ) 

0 

• 

I 
T 

0 X 

T 

i 
i 

7 

7 
I 

4000 

Fig. C.2 Fitted curve for 75% Coal Dust and 
25% Rock Dust. 
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10000 

y ( :-: ) 

0 
0 

N : = 4000 ~-: : = () !' 1 •• ?'J 

-L . 4 7 . 1 o -
3 

. :J 
y ( :: ) : = 9'.2 00 · e 

I ! 

' ' . I 

~ 

• . 
.... 

.... 
, ... 

,,. 
'" 
' ,-..: ... 

~ 

~ 

X 

I I 

I 
I 

! 

4000 

Fig. C.3 Fitted curve for 50% . Coal Dust and 
50% Rock Dust. 
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N := 4000 :-: := (>,1 •• f'.J 

y(:i) := 16400 · e 

20000 

y (:-:) 

I '\ 

I I 
.... 

--.. I ! 
..... ' i 

-----
() 

0 4 (;00 

Fig. C.~ Fitted curve for 25% Coal Dust and 
75% Rock Dust. 
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50000 

y ( :-: ) 

0 

N := 4000 :-: := 0,1 .• N 

-L. 28 - 10-
3

. >J 
y ( :-: ) : = 41900 · e 

\ 

' ' 
'i: 

" ... 
' ..._ 

' -: 
' 

i 
I 
I 

0 

' .... 
.... 

...... 
' 

·-...,_ ...... _ --
., ,·, 

I 

I 

i 

; 

' 
l 
I 
! 

' 
' 
I 
I 
I 
I 
i 
I 

l 

' 
I 

I 

; 

I 
I 

I 

I 
I 
I 

i 

! 

4000 

Fig. C.S Fitted curve fer 100% Reck Dust. 
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APPENDIX D 

EXPERIMENTAL DATA TABLES 

All the test data obtained during the experiment are 

given in Tables 0.1 to D.S. 
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TABLE D.1 

100% COAL DUST+ 0% ROCK DUST 

All measu~ements in Uolts 

1000 JJm 2000 .1,1m 1±000 µm 

01 O.O'i5 -0.012 -0.025 -0.028 
02 O.O'i7 -0 . 013 -0.02'i -0.027 
03 O.O'iS -0.0l'i -0.02'i -0.026 
O'i 0.058 -0.011 -0.023 -0.025 
OS O.O'iS -0.011 -0.022 -0.025 

06 0.01±6 -0.018 -0.023 -0.023 
07 0.01±3 -0.017 -0.012 -0.013 
08 0.037 -0.008 -0.011 -0.013 
09 0.078 -0.008 -0.026 -0.029• 
10 0.092 -0.009 -0.02'± -0.013 

11 0.088 -0.008 -0.02'± -0.027 
12 0.087 -0.002 -0.02'± -0.028 
13 0.082 -0.007 -0.02'f -0.028 
l't 0.089 -a.cos -0.025 -0.028 
15 0.087 -0.000 -0.023 -0.027 

16 0.089 -0.008 -0.025 -0.028 
17 0.098 -0.013 -0.026 -0.029• 
18 0.103 -0.016 -0.026 -0.029 
19 0.088 -0.015 -0.026 -0.029 
20 0.081 -0.016 -0.026 -0.029 

21 0 .,088 -0.003 -0.02'± -0.028 
22 0.112 -0.007 -0.022 -0.027 
23 0 .103 -0.008 -0.021 -0.026 
2'¼ 0.123 -0.00'f -0.022 -0.027 
25 0 .121 -0.007 -0.022 -0.027 

26 0 .110 -0.006 -0.022 -0.027 
27 0.091 -0.002 -0.023 -0.027 
28 0 .119 -0.011 -0.019 -0.025 
29 0.120 -0.007 -0.020 -0.026 
30 0.109 -0.005 -0.021 -0.025 

• Cleaned fibe~ tips in the p~obe 
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TABLE D.2 

75% COAL DUST+ 25% ROCK DUST 

All measur-ements in Volts 

1000 JJm 2000 JJm 3000 JJm 'iOOO µm 

01 1.3Lf0 0.395 0 .109 0.033 
02 1.7'i0 0.260 0.020 0.025 
03 1.LflO 0.312 0.022 0.027 
04 1.370 0.555 0.1'i2 O.O'iO 
OS 1.320 0.586 0.133 0.037 

06 1.700 0.264 0.070 0.027 
07 1.'i60 O.'i55 0 .101 0.035 
OB 1. '¼40 0.122 0.039 0.027 
09 1.470 0.482 0 .108 0.039 
10 1.680 0.'¼69 0 .115 0.033 

11 1.520 0.366 0.089 0.028 
12 1.280 0.'¼65 0.131 0.036 
13 1.520 O.'i02 0.103 0.029 
l'f 1.5'i0 0.273 0.067 0.023 
15 1.160 0. 3'±'-t 0.088 0.032 

16 1.350 0.321 0.070 0.027 
17 1.270 0.378 0.091 0.031 
18 1.'i90 0.365 0.079 0.029 
19 1.500 0.199 0.053 0.025 
20 1.180 O.SSlf 0.168 0.038 

Ratio by weight - 12 gms Coal Dust 
LJ: gms Rock Dust 



01 
02 
03 
OLf 
OS 

06 
07 
OB 
09 
10 

11 
12 
13 
Pt 
15 

16 
17 
18 
19 
20 

TABLE D,3 

50% COAL DUST+ 50% ROCK DUST 

All measurements in Ualts 

1000 µm 

3.280 
1.780 
1.650 
1,630 
l.'iB0 

1,530 
1.570 
1.560 
1.590 
2.000 

1.950 
1.520 
l.3'i0 
1.290 
2.230 

3.300 
3.580 
2.850 
3,120 
2.960 

2000 µm 

0.568 
O.'i'i5 
0.5'i3 
0.605 
0,6Lfl 

0.568 
0.615 
0.511 
O.'i52 
0.790 

0.678 
0.535 
0.533 
0.535 
0.770 

0.7'i0 
1.035 
O.'t58 
1.090 
0.650 

3000 µm 

0.095 
0.090 
0.113 
0.135 
O.l'i7 

0.120 
0,085 
0.107 
0.092 
0.179 

0.208 
0.133 
0.135 
0.113 
0.057 

0.199 
0.237 
0.125 
0.235 
O.l'i5 

'i000 µm 

0.022 
0.028 
0.023 
0.035 
O.O'iO 

0.025 
0.021 
0.038 
0.026 
O.O'iB 

0,031 
0.033 
0.029 
0.021 

- 0.005 

O.O'i3 
0,0'il 
0.025 
O.O'iB 
0.033 

Ratio by weight - 8 gms Coal Dust 
8 gms Rack Dust 

No light 12 mu to 16 mu 
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01 
02 
03 
OLf 
05 

06 
07 
OB 
OS 
10 

11 
12 
13 
1 Lf 
15 

16 
17 
1B 
19 
20 

TABLE D.'i 

25% COAL DUST + 75% ROCK DUST 

All measuLements in Uolts 

1000 J.lm 

5.B50 
Lf.950 
3.220 
3.9B0 
5.050 

3.930 
'i.210 
3.990 
5.310 
'i.860 

'i,850 
'i.870 
'i. 1 'iO 
Lf.290 
'i,610 

'i. l 'iO 
'i.260 
'i.350 
'i.010 
'i. "±60 

2000 J.lm 

2 .100 
1.B60 
1.7B0 
2.020 
1.910 

1.790 
1.B30 
1.930 
1.720 
1.630 

1.730 
1.810 
1,830 
1.B20 
1.690 

1,780 
1.810 
1.7't0 
1.690 
1.650 

3000 J.lm 

0,592 
O.'i86 
0.778 
0.7"±7 
0.525 

0.565 
0.591 
0.709 
0 . '155 
O.'i20 

O.'i89 
0.535 
0.650 
0.563 
0.5"±2 

0.598 
0.563 
0.525 
0.5'i6 
0."±67 

'iOOO J.lm 

0.130 
0.096 
0.175 
0.160 
0.108 

0.118 
0.120 
0.155 
0.100 
0.088 

0.087 
0.0B7 
0.12"± 
O.ll'i 
0 .116 

0.117 
0.103 
0.092 
0.102 
O.OB'i 

Ratio by weight - 'i gms Coal Dust 
12 gms Rock Dust 
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01 
02 
03 
04 
OS 

06 
07 
OB 
09 
10 

11 
12 
13 
l 't 
15 

Hi 
17 
18 
19 
20 

TABLE 0.5 

0~ COAL DUST + 100~ ROCK DUST 

All measurements in Uolts 

1000 JJm 

l't.60 
13.30 
11.60 
l't.60 
11.80 

13.60 
l'i.80 
l't.80 
1'-t.80 
l'i.50 

13.70 
1'-±.80 
l'i.80 
1 '-±. 'iO 
l't.80 

l'! .80 
l'i.80 
l'i.80 
l'i.80 
l'i.80 

2000 pm 

2.600 
3.300 
2.300 
1.760 
1.580 

1.600 
1.670 
2.500 
2.0'iO 
2.090 

1.320 
2.'iBO 
2.300 
1.670 
2.720 

2.180 
2.220 
2.'i60 
3.280 
2.060 

3000 JJm 

0.666 
0.990 
0.7'i5 
0.725 
0.737 

0.197 
0.178 
0.9S'i 
0.920 
O.B'iS 

0.578 
0.853 
0.835 
0.583 
0.925 

0.02'.l 
0.815 
0.7B'i 
0.906 
0.710 

'iOOO JJm 

0.289 
0.385 
0.222 
0.316 
0.336 

O.l'i9 
0.16'-t 
O.'i3'i• 
0.'±30 
0.37'i 

0.320 
O.'i20 
O.'tOO 
0.292 
0. 'i2'i 

O.'i25 
0.3'i9 
0.331 
0.3'i6 
0.3l'i 

• After cleaning the fiber tips of the probe 
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APPENDIX E 

EQUIPNENT AND DEVICES 

LIGHT SOURCE: 

He-Ne Laser, Wavelength 632.B nm, 6.95 mW 

Spectra-Physics Inc., California-9~0~2. 

OPTICAL FIBERS: 

ESKA EXTRA™ 

Plastic Fiber, Type EH-~001, 

Mitsubishi Rayon Co., Ltd. 

FIBER CONNECTORS: 

a. Single Position Plug Part No. 228087-1 

b. Connector Kit, Part No. 530530-2 

c. Active Device Mount, Part No. 530563-1 

AMP Products, USA. 

DIGITAL MULTIMETER: 

OUM56 "MICRORANGER" 

SENCORE, South Dakota. 

POWER SUPPLY: 

LPS-151/152 de tracking Power Supplu 

Leader Instruments Corporation, Ne~ York. 
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BREADBOARD: 

Specially designed at Electrical/Electronic 

Engineering Department, Kent State University, 

Trumbull Campus, Warren. 

PROBE BLOCK: 

Specially fabricated at the US Bureau of Mines 

Workshop, Pittsburgh, Pennsylvania. 
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APPENDIX F 

LIST OF HARDWARE L SOFTWARE 

HARDWARE 

1. Computer- - SamsungT" Model . 5550 

2. Pr-inter- - Star- Micr-onics'" 5610 

SOFTWARE 

3. Word-Processing - WORDSTAR™Rel 5,5 

Wor-dstar- USA. 

~. Technical Word- - EXACT'" 
Pr-ocessing 

S. Wor-ksheet 

6. CAD 

Technical Support Software Inc., 

- LOTUSTft 1-2-3ffl Student Ed. 

Lotus Development Cor-por-ation 
Published by Add~son-Wesley 

- AUTOCADffl Re 1 9• 

Autodesk, Inc. . 
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MathCAD'"Ver-. 2.0 Student Edition. 

MathSoft Inc., published by 
Addison-Wesley Publishing Company, 
Inc.,& Benjamin/Cummings Publishing 
Company, Inc. 

7. Over-head - JCGs'" • 
Tr-anspar-encies 

>Cinematic Graphics 

•Ccour-tesy of Kent State University, Trumbull Campus) 
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